In Brief Dingens et al. mapped all possible single amino acid viral-escape mutations for a panel of HIV-1 broadly neutralizing antibodies that target major sites of vulnerability of HIV Env. This mutationlevel antigenic atlas provides a comprehensive dataset for understanding viral immune escape and refining antibody-based immunotherapies and vaccines.
INTRODUCTION
Over the last decade, a burgeoning number of broadly neutralizing antibodies (bnAbs) have been isolated from HIV-infected humans. These antibodies target conserved regions of the HIV envelope (Env) that are promising vaccine targets (Kwong and Mascola, 2018) . Additionally, their broad neutralizing activity and potential to direct the killing of infected cells make bnAbs promising antiviral immunotherapeutic drugs for HIV prevention, therapy, and cure strategies (Margolis et al., 2017; Pegu et al., 2017) .
However, bnAbs face a formidable foe. HIV Env's exceptional evolutionary capacity allows the virus to stay one step ahead of bnAbs during infection, and resistance often arises when bnAbs are therapeutically administered to infected animals (Klein et al., 2012; Poignard et al., 1999; Shingai et al., 2013) or humans Caskey et al., 2015 Caskey et al., , 2017 Lynch et al., 2015a; Scheid et al., 2016; Trkola et al., 2005) . Thus, defining mutations that mediate viral escape is essential to optimizing and evaluating bnAb immunotherapies and vaccines.
Although extensive efforts have gone into structurally characterizing bnAb epitopes via X-ray crystallography and cryo-electron microscopy (cryo-EM), structures on their own are insufficient to completely define functional epitopes (Cunningham and Wells, 1993; Kelley and O'Connell, 1993) , defined here as sites where mutations affect antibody neutralization of replication-competent viruses. Making individual mutations to Env and performing neutralization assays can provide information on the functional effect of specific mutations, but even the largest studies employing one-at-a-time mutagenesis can only assay a small fraction of all possible Env mutations.
We recently described mutational antigenic profiling, a massively parallel experimental approach to quantify how all single amino acid mutations to Env affect antibody neutralization (Dingens et al., 2017) . This approach involves generating libraries of HIV that carry all Env amino acid mutations compatible with viral replication, incubating these libraries with or without an antibody, infecting T cells, and using deep sequencing to quantify the enrichment of each mutation in the selected versus nonselected libraries. Here, we applied this approach to a panel of nine bnAbs that target five Env epitopes, as well as to a pool of two bnAbs. The resulting maps of viral escape provide comprehensive mutation-level views of the functional interfaces between HIV and bnAbs.
RESULTS

Complete Maps of Viral Escape Define the Functional Epitopes for a Panel of bnAbs
To gain a broad picture of viral escape, we selected nine bnAbs targeting the five best-characterized epitopes on Env ( Figure 1A) . Specifically, the bnAb panel includes the CD4 binding site (CD4bs) bnAbs VRC01 (Wu et al., 2010) and 3BNC117 (Scheid et al., 2011) , the V3/N332 glycan supersite bnAbs PGT121 and 10-1074 , the V2 apex bnAbs PG9 (Walker et al., 2009 ) and PGT145 , the fusion peptide and gp120-gp41 interface bnAbs PGT151 (Falkowska et al., 2014) and N123-VRC34.01 (subsequently referred to as VRC34.01; Kong et al., 2016) , and the membrane-proximal external region (MPER) bnAb 10E8 (Huang et al., 2012) . The binding footprints of these antibodies have been previously characterized using structural techniques (Figure 1B) , allowing us to compare the structural epitopes with the functional epitopes defined by this study.
We mapped escape from these antibodies using the BG505.T332N Env, which is from a transmitted-founder subtype A HIV strain (Wu et al., 2006) . This Env trimer is used widely in structural and vaccination studies Ward and Wilson, 2017) . We used viral libraries that were previously generated by making all possible amino acid mutations to the ectodomain and transmembrane domain of Env. There are 19 amino acid mutations 3 670 sites = 12,730 such amino acid mutations, and our libraries contain the subset of these mutations that is compatible with viral growth in cell culture .
To quantify how each of these mutations affect HIV's antibody sensitivity, we neutralized independently generated mutant virus libraries at an IC 95 -IC 99.9 antibody concentration and deep sequenced the env genes of viruses that were able to infect cells in the presence of the antibody ( Figure 1C) . For each antibody, we performed at least two replicates using independently generated viral libraries ( Figure S1 ). We performed parallel control experiments without the antibody and compared the relative frequency of each Env mutation in the antibody-selected library to that of the non-selected control. By scaling this relative frequency by the overall fraction of the entire library that survived the antibody selection, we estimated the fraction of virions with each mutation that survived the selection, hereafter termed the ''fraction surviving'' (Doud et al., 2018) . To highlight escape mutations, we plotted the excess fraction surviving above the overall library average.
Each antibody reproducibly selected mutations at just a small subset of Env sites (Figures 2A and S1 ). The entire mutation-level maps of viral escape from each antibody are plotted across the entire mutagenized portion of env in Data S1. Antibodies targeting the same epitope tended to select mutations in similar regions of Env, and these mutations clustered in three-dimensional structures in or near the antibody-binding footprint ( Figure 2A ). This is exemplified by PG9 and PGT145, where the selected positions largely overlapped. Note also that the effect size of mutations varied across antibodies (compare the y axes in Figure 2A ), as did the apparent noise in the plots; the implications of this are discussed in more detail in a later Results subsection. (Yoon et al., 2015) . (B) For each epitope, structurally defined antibody contact sites are indicated by colors on the side and top views of the BG505 SOSIP Env trimer (PDB: 5FYL). (C) The mutational antigenic profiling experimental workflow and example data from bnAb 10E8. A mutant virus library is incubated with or without an antibody before infecting SupT1.CCR5 cells. Non-integrated viral cDNA from infected cells is deep sequenced to quantify the frequency of each env mutation in both the antibody-selected and mock-selected conditions, and the overall fraction of the virus library that survives antibody neutralization is quantified via qPCR. The fraction of each mutant that survives neutralization is plotted at the site level in line plots and at the mutation level in logoplots. The height of each letter is proportional to the fraction of the virions with that amino acid that survived antibody selection in excess of the overall library average.
To rigorously compare the overlap between structural contacts and sites of viral escape, we identified sites of significant functional escape from the mutational antigenic profiling data and sites of physical contact between the bnAb and Env from published structures. We defined significant sites of viral escape by fitting a gamma distribution to the measured antigenic effects of mutations at each site and identified sites where the antigenic effects were larger than expected from this distribution at a false discovery rate of 0.01 ( Figures S2A and S2B ). We defined sites of structural contact as Env residues that were within 4 Å of the antibody in available structural models, only considering nonhydrogen atoms (see STAR Methods for details).
For most antibodies, only a small fraction of the structurally defined contact sites were also sites of significant viral escape ( Figures 2B and S2C ). Further, we identified numerous sites of escape outside the structurally defined epitope for most antibodies. The extent to which escape occurred at sites that directly contact the antibody differed considerably across bnAbs, ranging from all significant sites of escape for PG9 to only one of five sites of escape for VRC01 ( Figures 2C and  S2C ). The sites of escape that do not directly contact the antibody are usually near the structurally defined epitope in the 5-10 Å range ( Figure S2C ). However, a few sites of escape were more distant from the structurally defined epitope ( Figures  2A and S2D ).
Although our maps of escape included most mutations previously identified using individual BG505 point-mutant pseudoviruses in TZM-bl neutralization assays Lee et al., 2017) , we also uncovered many previously uncharacterized sites of escape. We generated and tested BG505 pointmutant pseudoviruses in TZM-bl neutralization assays for three antibodies, testing 16-19 point mutants for each antibody. The measurements from the mutational antigenic profiling were well-correlated with the fold change in IC 50 (inhibitory concentration 50) from TZM-bl neutralization assays for all antibodies tested (PGT121: R = 0.76, n = 16; 10-1074: R = 0.81, n = 16; VRC01: R = 0.69, n = 19) ( Figure S3 ). In the next few subsections, we focus on each Env epitope individually. Escape from V3-Glycan Supersite bnAbs Reveals Differences in Escape between Clonal Antibody Variants The two anti-V3 antibodies PGT121 and 10-1074 are clonal variants that arose in the same infected individual . However, there were intriguing differences between the two antibodies in the specific mutations that mediated escape in our experiments, as well as between the overall effect sizes of escape mutations ( Figures 3A and 3B , note the different y axis scales in the two panels). For instance, mutations at site 325 had a larger effect on 10-1074 than on PGT121, whereas mutations at site 327 had similar effects. We validated the differential effects of mutations to site 325 by testing three different mutants at this site in TZM-bl neutralization assays: the maximal effect for 10-1074 was a 27-fold increase in IC 50 , whereas the maximal effect for PGT121 was just a 1.7-fold increase (D325E; Figure S3 ). Our mutational antigenic profiling also indicated that mutations that eliminated the N332 glycan had a larger effect for 10-1074 than for PGT121 (Figures 3A and 3B) , which is consistent with a prior study that examined binding to gp120 . In contrast, at most other sites in the epitope (such as 323, 327, and 330), the overall effects of mutations were similar between the two antibodies ( Figures  3A and 3B ).
There are also differences in which mutations at a given site escape each antibody. For example, although the overall effect of all mutations at site 330 was similar for 10-1074 and PGT121, H330R escapes 10-1074 but not PGT121 ( Figures 3A  and 3B , validated by TZM-bl neutralization assays in Figure S3 ). Even among small-effect mutations, TZM-bl neutralization assays validated the results of mutational antigenic profiling. For example, mutations at site 325 had disparate effects: D325E had a large effect on 10-1074 but a negligible effect on PGT121, D325S had a small effect on 10-1074 but no effect on PGT121, and D325N had no effect on either antibody (Figures 3A and 3B, validated in Figure S3 ).
The basis for differences in the magnitude and specificity of escape between PGT121 and 10-1074 may be explained by their differential somatic hypermutation. There are numerous differences in the portions of these two antibodies that contact the N332 glycan ( Figure S4 ), and these differences have previously been shown to affect glycan recognition . In contrast, antibody residues that directly contact site 325 are conserved between PGT121 and 10-1074 ( Figure S4 ). However, there are numerous differences in the light-chain variable loops near these contact sites that may be responsible for the differential effects of mutations at site 325 on the two antibodies.
Many aspects of our maps of escape were consistent with prior knowledge about the epitopes of these two antibodies (Garces et al., 2014; Mouquet et al., 2012; Sok et al., 2014 Sok et al., , 2016 . For example, eliminating the targeted N332 glycan via mutations to N332 and S334 resulted in escape from both antibodies, as did antibody-specific mutations in the 324 GDIR 327 motif ( Figure 3 ), a conserved region of this epitope that is involved with CCR5 co-receptor binding (Sok et al., 2016) .
However, we also identified escape at sites not previously implicated as being part of the functional epitope. For instance, viral escape from both antibodies occurred via mutations at site 415 in V4 and to a modest but reproducible extent at site 441 (Figures 3A and 3B) . We validated that mutations at each of these sites resulted in escape from both antibodies in TZM-bl neutralization assays ( Figure S3 ). Neither of these sites directly interact with either antibody; site 415 is close to other structural contacts, as well as to the N332 glycan, and site 441 in the b22 strand neighbors the N301 glycan.
Escape from V2 Apex bnAbs Can Occur via Altering Charges in and Near the Trimer Interface For the V2-apex antibodies PG9 and PGT145, escape occurred via elimination of the N160 glycan at the heart of the epitope (Figures 2A, 3D , and 3E). Additionally, escape occurred at structurally defined contact sites at the trimer apex for PG9 and at the trimer apex and interface for PGT145. For both antibodies, prior studies suggest that binding is driven by electrostatic interactions with positively charged Env residues (Lee et al., 2017; McLellan et al., 2011; Wang et al., 2017) . Mutations to these sites resulted in viral escape (including residues R166, K169, and K171 for PG9 and K121, R161, and K169 for PGT145), with charge swaps often resulting in the greatest extent of escape ( Figures 3D and 3E ). Structural studies indicate that the long HCDR3 (heavy chain complementarity-determining region 3) arm of PGT145 reaches into the trimer interface; existence of this epitope has been hypothesized to result from a balancing act of a ''push'' from inter-protomer charge repulsions at the trimer interface and a ''pull'' of hydrophobic interactions between variable loops across protomers at the trimer apex (Lee et al., 2017) .
While escape from PGT145 occurred by eliminating the epitope's positive charges, escape also occurred by introducing charges at sites where the wild-type residue is not charged. These included sites 123, 124, and 127 in or very near the epitope, as well as more distant sites encircling the epitope, including sites 200, 202, and 203 in the b3-b4 loop and 312, 313, and 315 at the tip of the V3 loop ( Figure 3F ). These mutations presumably also affected the charge repulsions at the trimer interface and/or overall trimer conformation, disrupting the electrostatic balancing act that is crucial for PGT145 binding.
Escape from CD4bs bnAbs Reveals Distinct Interprotomer Dynamics in Escape
Escape from CD4bs bnAbs VRC01 and 3BNC117 occurred in both the canonically defined CD4bs epitope and other sites distal to the CD4 binding site (Figures 2A and 4 ). In the CD4 binding site, mutations to site 279 in loop D and site 369 in the CD4 binding loop escaped both antibodies ( Figure 4A ). With the exception of sites 279 and 280, the specific amino acid mutations in loop D that mediated escape differed between VRC01 and 3BNC117.
The largest-effect mutations for both antibodies introduced a serine or threonine in place of the asparagine at site 197. The N197 glycan is part of a glycan fence that shields the CD4bs (Crooks et al., 2017) . N197S and N197T (N197S/T) both eliminate this N197 glycan and introduce a new potential N-linked glycosylation motif (PNG) at N195. Because escape was only mediated by S/T at site 197, these data suggest that eliminating N197 alone does not result in viral escape, but shifting the N197 glycan to N195 does. We validated these observations using point mutants in TZM-bl neutralization assays: simply (C) V3-glycan supersite antibodies are shown in blue, and Env is colored according to the maximum excess fraction surviving at each site. Note that for PGT121, the closely related clonal variant PGT122 structure is used in lieu of a PGT121 structure (PDB: 5FYL and 5T3Z, respectively). (D and E) Escape profiles of V2 apex antibodies PG9 (D) and PGT145 (E) presented in the same manner as (A) and (B). (F) V2 apex antibodies are shown in blue, and Env is colored according to the maximum excess fraction surviving at each site (PDB: 5VJ6 and 5V8L, respectively). Median values across all biological replicates were plotted; see Figure S1 for the number of experimental replicates. See also Figures S2 and S3. eliminating the N197 PNG via N197E resulted in 50-fold more potent neutralization by VRC01, whereas N197S resulted in viral escape, increasing the IC 50 by 27-fold relative to wild-type ( Figure S3 ).
Escape from both antibodies also occurred via D113N, which introduces a PNG at site 113. Site 113 is in the trimer interface distant from the CD4bs (Figure 4C ), suggesting that this mutation may affect exposure of the CD4bs epitope by altering trimer conformation or dynamics. We validated that D113N resulted in escape from VRC01 by using a TZM-bl neutralization assay ( Figure S3 ). Although it is unknown if the PNG created by D113N is indeed glycosylated, these data show that altering potential glycosylation sites both near and distal to the epitope can affect CD4bs bnAb neutralization.
Escape from 3BNC117 also occurred at numerous sites near where the antibody's HCDR3 arm makes inter-protomer contacts, including sites in V3 (sites 304, 308, 312, and 316-320) and at the base of the b3-b4 loop (sites 207 and 209) ( Figure 4B ). This quaternary nature of the 3BNC117 epitope was first postulated based on early trimer structures (Lyumkis et al., 2013) , and higher resolution cryo-EM of the BG505 trimer in complex with 3BNC117 (Lee et al., 2017) confirmed that 3BNC117 directly interacts with residues 207, 308, and 316 from the neighboring protomer ( Figures 4B and 4C ). It has been previously reported that mutations to site 207 result in decreased 3BNC117 binding (Liu et al., 2017) . We also observed viral escape from 3BNC117 at site I326, a site distal to 3BNC117 near the base of the V3 loop that takes part in variable-loop hydrophobic interactions that may regulate trimer dynamics (Lee et al., 2017) .
Although VRC01 does not make inter-protomer structural contacts similar to those of 3BNC117 (Stewart-Jones et al., 2016) , we still observed escape at sites 207, 209, 304, and 326 (Figures 4A and 4C) . We validated that I326Y results in escape from VRC01 ( Figure S3 ) but has little effect on the V3-specific bnAbs 10-1074 and PGT121, despite these antibodies directly contacting this site.
Escape from Fusion Peptide and gp120-gp41 Interface bnAbs Differs Despite Similarities in Structurally Defined Contacts Maps of escape from PGT151 and VRC34.01 highlight the complex nature of the conformational fusion peptide and gp120-gp41 interface epitope (Figures 2A, 5A, and 5B). Here, we reanalyzed VRC34.01 mutational antigenic profiling data from a prior study , quantifying the effects of mutations using the fraction surviving metric rather than the differential selection metric used in the earlier study, and compared these data to the BG505 Env escape from PGT151 reported here. Although both antibodies contact the 6 N-terminal residues of the fusion peptide (512-517), escape from PGT151 is focused on just the 3 N-terminal residues of this peptide (512-514), whereas escape from VRC34.01 is mediated by numerous mutations to sites 512-516 and 518. The structural footprints of both antibodies center on the fusion peptide, but they contact distinct glycans and protein regions of gp120 and gp41. Again, their functional epitopes included distinct subsets of these protein residues and glycans ( Figures 5A and 5B ). For both antibodies, there were also numerous sites of significant escape at non-contact sites near the epitope (Figures 5A and 5B ). For PGT151, we also identified sites of escape at more distant residues in V3; the mechanisms of escape at these sites are unclear.
Escape from an MPER bnAB Escape from the MPER-directed antibody 10E8 occurred predominantly in the structurally defined contact sites, and sites of escape were localized to one side of the MPER peptide a helix apical to 10E8 ( Figures 5D and 5E ) (Huang et al., 2012) . This agrees precisely with prior studies (Huang et al., 2012; Kim et al., 2014) . However, we identified two additional modest, but significant, sites of escape outside of the MPER peptide, at sites 609 and 643 in the C-C loop and HR2 domain of gp41, respectively (Figures 2A and S2B ). Mutations at these sites may alter fusion kinetics and/or the presentation of the MPER epitope.
Maps of Escape Identify Sites of In Vivo Escape during bnAb Immunotherapies in Humans
Several of the bnAbs that we characterized have been used in human immunotherapy studies. Some of the escape mutations identified in our work overlap with mutations that arose in the humans during these studies (Table S1 ). For example, when 10-1074 was administered to HIV-infected individuals, viral escape mutations emerged at site 325 and at the PNG that encompasses sites 332 and 334 (Caskey et al., 2017) . These are the same three sites where the strongest selection is observed in our 10-1074 mutational antigenic profiling ( Figure 3B ; Table S1 ).
There was also considerable overlap between sites of escape we mapped in vitro and those that occurred in vivo during treatment of infected individuals with the CD4bs antibodies 3BNC117 Figure S1 for the number of experimental replicates. See also Figures S2 and S3. or VRC01. For 3BNC117, the sites that overlap between our maps and human trials (Caskey et al., 2015; Schoofs et al., 2016) included sites 182, 209, 279, 308, 318, and 471 (Table  S1 ). Site 279 is one of the strongest sites of escape from 3BNC117 and VRC01 in our experiments. A mutation to site 279 is part of the viral escape pathway within the patient from whom VRC01 was isolated (Lynch et al., 2015b) and arose during VRC01 immunotherapy post treatment interruption . Mutations to site 279 also played a role in escaping a CD4bs-targeted response in another patient (Wibmer et al., 2013) and during 3BNC117 immunotherapy of infected individuals (Caskey et al., 2015; Schoofs et al., 2016) .
Our data may also be useful for identifying previously unappreciated escape mutations during immunotherapy. For example, after patient V10 underwent therapy with VRC01 a rare amino acid variant at site 326 was fixed in the viral population (Table S1 ), but the potential significance of this mutation was not noted in the original publication because it is far from the structural epitope. Our mutational antigenic profiling revealed that mutations at site 326 increase resistance to VRC01 ( Figure 4A ), demonstrating how comprehensive maps of mutational escape can aid in interpreting clinical data.
Escape from Pooled Antibodies Is Similar to the Modeled Combination of Their Independent Actions
Many immunotherapy studies are beginning to treat patients with combinations of bnAbs. For instance, a recently completed set of clinical trials involved treating patients with equal concentrations of 3BNC117 and 10-1074 (Bar-On et al., 2018; Mendoza et al., 2018) . We therefore investigated how escape from a mix of these two antibodies compares to escape from each antibody individually.
We pooled the antibodies at equal concentrations, then selected our viral libraries with the antibody pool (Figures 6  and S1 ). Escape from the pooled antibodies appeared to be a combination of the escape profiles from each antibody in isolation ( Figures 6A and 6B ). For example, we observed escape at sites 325, 332, and 334, likely associated with escape from 10-1074, as well as escape at sites 304, 308, and 471, which presumably affect 3BNC117 resistance.
Escape from the pooled antibodies does not occur at sites where the escape mutation from one antibody sensitizes the virus to the other. For instance, the strongest escape mutations for 3BNC117 alone are N197S and N197T, which shift the N197 glycan to N195 (Figures 4B and 6A) . However, eliminating the N197 glycan increased the virus's susceptibility to neutralization by antibodies targeting the same epitope as 10-1074 Townsley et al., 2015) . Mutations at site N197 were not selected by the pool of antibodies in our mutational antigenic profiling, presumably because any benefit with respect to escaping 3BNC117 is canceled out by increased susceptibility to 10-1074. This example demonstrates the potential for suppressing viral escape mutations by selecting antibodies with synergistic effects at specific sites.
To model the synergistic effects of antibodies on suppressing viral escape, we calculated the expected escape profile from a pool of 10-1074 and 3BNC117 by simply taking the product of each mutation's excess fraction-surviving value for each antibody ( Figure 6 ). The rationale behind this calculation was that the expected fraction of virions with a mutation that should survive both antibodies is simply the product of the fraction that would survive each antibody individually. The escape profile predicted by this simple model closely matched the actual selection from the pooled antibodies ( Figure 6 ). Overall, these data suggested that no single amino acid mutations robustly escape both 3BNC117 and 10-1074. Rather, the low-level escape from the pooled antibodies appeared to represent mutations that escape one antibody but have little effect on the other. Furthermore, the similarity of the experimentally measured escape profile for the pooled antibodies and the profile predicted from the product of the individual antibody profiles suggested that our maps of escape from single antibodies could be useful for computationally predicting the potential for escape from antibody pools.
The Ability of the BG505 Env to Escape Each bnAb with Single Mutations Is Related to but Distinct from Antibody Breadth
Anti-HIV bnAbs are often evaluated in terms of their breadth and potency against panels of naturally occurring viral strains. Our data offer the opportunity to calculate an alternative measure relevant to the potential efficacy of bnAb immunotherapies: the ability of single amino acid mutations to increase the antibody resistance of a particular viral strain.
We used our mutational antigenic profiling to assess the ease of single-mutation escape of the BG505 Env from each antibody. First, we simply qualitatively examined the 100 largest effect-size mutations for each antibody ( Figure 7A ). For some antibodies (such as VRC34.01), there are many individual mutations that efficiently escape neutralization-but for other antibodies (such as VRC01), only a few mutations affect escape and do so with only moderate size effects ( Figure 7A ). For all of the antibodies, at least some of the largest effect-size mutations were accessible by single-nucleotide mutations, indicating that the genetic code only has moderate effects on the accessibility of escape mutations ( Figure 7A) .
To quantify the ease with which the BG505 Env can escape each antibody by single mutations, we summed the excess mutation fraction-surviving values at each significant site of viral escape. This single-mutation ease-of-escape metric was moderately correlated with the antibody's breadth ( Figure 7B ). But, especially for the broadest antibodies, there were differences between neutralization breadth on natural strains and ease of single amino acid escape by BG505 ( Figure 7B ). For example, 10E8 had 98% breadth and VRC01 had 91% breadth, but BG505 had more capacity to escape 10E8 by single amino acid mutations. Differences in the extent of natural sequence variation at epitopes potentially contributes to the differences between breadth and the ease of escape; many of the escape mutations we identify are rarely observed in nature (Foley et al., 2017) (Figure S5 ). These results highlighted that, similar to influenza antibodies (Doud et al., 2018) , HIV bnAb breadth on natural strains and the potential for single-mutation escape by any given viral variant are distinct measures, both of which may be useful for assessing the potential for viral antibody escape in clinical settings.
Mapping Differences in Escape across Diverse Envs Quantifies Strain-Specific Differences in Viral Escape
All of the foregoing results are for Env from a single viral strain, BG505. Although it is well known that the effect of mutations on antibody neutralization can differ from strain to strain, there are no unbiased quantifications of how much the antigenic effects of mutations typically shift across strains. To address this question, we also mapped escape from VRC01 and PGT151 using LAI Env, a subtype B strain (Figures S1, S6, and S7; Data S2). In addition, we compared our maps of escape from PGT151 in BG505 and LAI to our previously published map of escape from this antibody by the subtype A BF520 Env (Dingens et al., 2017) .
Escape from PGT151 across all three strains is quite similar. The dominant escape mutations are in the N611 and N637 PNGs, as well as in sites in the fusion peptide and the HR-2 domain ( Figure S6 ; Data S2). However, there are a number of sites where single mutations mediated escape in LAI but not in BG505 or BF520 (sites 82, 84, 224, 229, 242, 245, 521, 602, and 603) . Many of the escape mutations unique to LAI are clustered near the epitope, suggesting that LAI may adopt a different local conformation ( Figure S6B ). We validated three of these strain-specific escape mutations using TZM-bl neutralization assays and found that the strain differences in both antigenic effects and mutational tolerance appear to play a role in shaping these differences ( Figure S6D ).
There were relatively more strain-specific differences in escape from VRC01 than from PGT151 ( Figure S7 ; Data S2). Mutations to site 279 escaped VRC01 in both Envs but with larger effects in LAI ( Figure S7B ). N197S/T escaped VRC01 in BG505 but not in LAI. There is a clear mechanistic basis for this difference: N197S/T shifts the N197 PNG to N195 in BG505, whereas N197S/T only disrupts the N197 PNG in LAI. In contrast, D113N introduces a glycan in both strains but only escaped VRC01 in BG505 ( Figure S7B , validated in TZM-bl assays in Figure S7D ). Further, I326Y and L369K escaped VRC01 in BG505 but not in LAI (also validated in TZM-bl assays in Figure S7D ), whereas Figure 1 ) is plotted against the sum of the excess mutation fraction-surviving values at all significant sites of viral escape.
mutations to site 474 generally have a larger effect in LAI than in BG505 ( Figure S7B) .
A possible explanation for the differences in VRC01 escape is differences in Env conformational dynamics. BG505 is generally well behaved as a SOSIP trimer, adopting a prefusion ''closed'' state , whereas LAI is a lab-adapted strain that likely adopts a more ''open'' conformation (Munro et al., 2014) . We speculate that the mutations outside of the CD4bs, such D113N or I326Y, could disrupt BG505's trimer structure or dynamics resulting in escape from VRC01, but the same mutations to LAI may not disrupt a ''closed'' state if it is less frequently or not adopted by LAI.
DISCUSSION
We have mapped how all single amino acid mutations to the BG505 Env affect neutralization of replication-competent HIV by nine prototypical bnAbs. These maps of viral escape define the functional epitopes of these antibodies, which we show are distinct from the structurally defined epitopes. For all antibodies, viral escape occurred at only a fraction of structurally defined contact sites, and many escape mutations occurred at sites outside the direct structurally defined epitope. This escape at non-contact sites often clustered close to the structural contacts, suggesting that altering a network of interacting sites near the structural epitope can disrupt antibody binding or neutralization. In a few cases, escape also occurred at sites more distant from the epitope, likely due to alterations in the conformation or dynamics of Env.
Others have previously noted that not all structurally defined contact sites affect antibody binding (Falkowska et al., 2012; Kelley and O'Connell, 1993; Li et al., 2011) , and mutations outside of the structural epitope can affect antibody sensitivity (Back et al., 1993; Blish et al., 2008; Boyd et al., 2015; Bradley et al., 2016; O'Rourke et al., 2012; Sethi et al., 2013) . However, our complete maps of escape mutations make it possible to systematically quantify the overlap between the functional and structural epitopes of bnAbs. Our work also highlights how incompletely prior structural and virological assays have defined the functionally relevant interactions between HIV and antibodies. Even though our study focused on some of the best-characterized anti-HIV bnAbs, we uncovered numerous sites in Env (often outside of the structural epitope) where mutations were not previously known to affect bnAb sensitivity.
One application for which our maps of viral escape may be of immediate use is evaluating bnAb immunotherapies. During immunotherapy trials, many viral mutations arise, and it is important to know which ones alter sensitivity to the bnAb used in the trial Caskey et al., 2015 Caskey et al., , 2017 Lynch et al., 2015a; Scheid et al., 2016; Schoofs et al., 2016) . Although our maps, of course, do not perfectly predict escape that occurs in vivo, which could be influenced by many stochastic factors, including the specific variant that infected the individual, they do define functional epitopes that can be used to help assess the potential antigenic significance of viral mutations. For instance, our map of the functional epitope of VRC01 allowed us to re-interpret the potential significance of a previously unremarked-upon mutation outside the structural epitope that occurred during VRC01 immunotherapy.
We also examined how our maps of escape from individual antibodies compared to those generated using a pool of antibodies-an important question, because combinations of bnAbs are a clear future direction in antibody immunotherapy (Wagh et al., , 2018 . We mapped escape from a pool of two bnAbs, 3BNC117 and 10-1074, and we found that there were no mutations that robustly escaped both antibodies. This finding agrees with the results of two recently completed clinical trials that administered this antibody combination and did not report selection of any mutations that conferred resistance to both antibodies (Bar-On et al., 2018; Mendoza et al., 2018) . Further, the combined selection of the two antibodies was similar to that predicted from the product of the individual escape profiles. Therefore, antigenic maps for individual antibodies may be useful for modeling viral escape from combinations of antibodies.
Our data also provide a way to quantify the ease with which the BG505 Env can escape from each antibody via single mutations. Although this ease-of-escape metric contains many caveats specific to our experimental system (it considered only single mutations to BG505 that support viral replication in cell culture, omitting the effect of insertions and deletions), caveats also apply to other methods for estimating how likely a virus is to escape an antibody. For example, characterizing viral escape during immunotherapy in animal models often examines only a single viral strain in a limited number of animals. We found that BG505's ease of escape by single mutations is correlated with antibody breadth against natural sequences, but that there are also differences, especially among the broadest antibodies. We suggest that both measures may be useful for assessing the potential efficacy of bnAb-based therapies.
Of course, it is important to keep in mind that our maps only measure the effect of single amino acid mutations to BG505. Epistatic interactions among multiple mutations can play a role in viral fitness and immune evasion (Adams et al., 2017; Dahirel et al., 2011; Lynch et al., 2015b; Otsuka et al., 2018; da Silva et al., 2010; Troyer et al., 2009; Wu et al., 2017) . Additionally, we performed most of our experiments in the single genetic background of the BG505 Env, but the effects of mutations on viral growth and antigenicity sometimes differ among viral strains (Barton et al., 2016; Falkowska et al., 2014; Haddox et al., 2018) . However, we did compare maps of escape from a few antibodies across viral strains. Escape from PGT151 was quite similar across strains, whereas escape from VRC01 was more variable between strains. Further studies contrasting escape from additional antibodies across additional strains are needed to better define strain-specific effects in antibody escape.
Nonetheless, having complete antigenic maps of the BG505 Env versus a panel of important bnAbs provides a wealth of information that can help guide the study of HIV evolution and the development of anti-viral strategies. Future work that combines these antigenic maps with measurements (Haddox et al., 2016 or models (Louie et al., 2018; Shekhar et al., 2013; Zanini et al., 2017) of how mutations affect HIV's replicative fitness could shed further light on the virus's evolutionary dynamics under immune pressure.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Falkowska, E., Ramos, A., Feng, Y., Zhou, T., Moquin, S., Walker, L.M., Wu, X., Seaman, M.S., Wrin, T., Kwong, P.D., et al. (2012) . PGV04, an HIV-1 gp120 CD4 binding site antibody, is broad and potent in neutralization but does not induce conformational changes characteristic of CD4. J. Virol. 86, 4394-4403.
METHOD DETAILS
Generation of Mutant Virus Libraries
We have previously described the BG505.T332N mutant proviral DNA libraries and the resulting functional mutant virus libraries . In brief, triplicate mutant BG505.W6M.C2.T332N env libraries that contained randomized codon-level mutations to sites 31-702 (HXB2 numbering is used here and throughout this manuscript) were independently generated and cloned into Q23.BsmBI.DEnv proviral plasmid . These proviral plasmid libraries, as well as wild-type proviral plasmid, were transfected into 293T cells (obtained from ATCC). We then passaged the transfection supernatant at an MOI of 0.01 TZM-bl infectious units/cell in SupT1.CCR5 cells. The resulting genotype-phenotype linked mutant virus libraries were concentrated via ultracentrifugation.
Mutational Antigenic Profiling
The Env mutational antigenic profiling approach has been previously described (Dingens et al., 2017 . Briefly, 0.5 -1310 6 TZM-bl infectious units of independent mutant virus libraries were neutralized with each antibody at an IC 95 -IC 99.9 concentration for one hour. Libraries were then infected into 1310 6 SupT1.CCR5 cells in R10 (RPMI, supplemented with 10% FBS, 1% 200 mM L-glutamine, and 1% of a solution of 10,000 units/mL penicillin and 10,000 mg/mL streptomycin) containing 100ug/mL DEAE-dextran. In parallel to each antibody selection, each mutant virus library was also infected into 1310 6 SupT1.CCR5 cells without antibody selection to serve as the experiment-specific non-selected control. Four 10-fold serial dilutions of each mutant virus library were also infected into 1310 6 cells as an infectivity standard curve. Cells were resuspended in 1 mL fresh R10 at three hours post infection.
Cells were washed with PBS, pelleted, and non-integrated viral DNA was isolated via a miniprep at twelve hours post infection. The amount of viral genome in each sample was quantified via qPCR (Benki et al., 2006) or ddPCR (Dingens et al., 2017) , and the fraction of each selected library that survived antibody selection relative to the non-selected control was interpolated from the infectivity standard curve.
Barcoded Subamplicon Deep Sequencing
The env gene was then amplified and sequenced using a barcoded subamplicon sequencing approach as previously described and explained in more detail at https://jbloomlab.github.io/dms_tools2/bcsubamp.html. Briefly, we first amplified the entire env gene from the harvested non-integrated viral DNA. This full-length env amplicon was then used as a template for amplifying 7 subamplicons that tile across env. Each of these subamplicons contained primer-introduced random barcodes on each end (83N). Subamplicons are then bottlenecked such that the number of unique ssDNA molecules is less than the sequencing depth and then subjected to a final round of PCR that added the remainder of the Illumina sequencing adapters. All amplicons were then pooled and sequenced on Illumina HiSeq 23250 bp runs. Errors introduced during sequencing were corrected by taking the consensus sequence at each site for each uniquely tagged ssDNA molecule as described in more detail in the Data S3.
Structural Analyses
Antibody contact sites were defined from Env-antibody structural models. The PDB models used were: 5FYK for VRC01 (StewartJones et al., 2016) , 5V8M for 3BNC117 (Lee et al., 2017) , 5T3Z for 10-1074 (Gristick et al., 2016) , 3U4E for PG9 (McLellan et al., 2011) , 5V8L for PGT145 (Lee et al., 2017) , 5FUU for PGT151 , 5I8H for VRC34.01 , 4G6F and for 10E8 (Huang et al., 2012) . High resolution models of PGT121 bound to Env are not available; we used a model of PGT122 (PDB: 5FYL) (Stewart-Jones et al., 2016) , which is a closely related ''PGT121-like'' clonal variant of PGT121 . Contact residues were defined as any Env residue where a non-hydrogen atom comes within 4 Å of any non-hydrogen antibody atom. When an antibody contacted a glycan, the N of that glycan's PNG was counted as a contact. For asymmetric antibody-trimer structures, the closest distance of the three antibody-Env residue distances was used. For Figures 3, 4 , and 5, we used the same structural models (with one exception) to generate figures using PyMol. While we used the high resolution PG9-V2 scaffold structure (McLellan et al., 2011) to determine contact sites, we mapped the fraction-surviving values onto the moderate resolution model of PG9 in complex with BG505 trimer (PDB: 5VJ6) (Wang et al., 2017) in Figure 3F to better illustrate the quaternary aspect of this apex epitope.
TZM-bl Neutralization Assays TZM-bl neutralization assays using BG505.T332N pseudoviruses bearing single additional point mutants were performed. Briefly, serial dilutions of each antibody were incubated with 500 infectious units of pseudovirus for one hour before the addition of 10,000 TZM-bl reporter cells in the presence of 10 mg/mL DEAE-dextran. Forty-eight hours post-infection, infectivity was read by beta-galactosidase activity using Gal-Screen (Thermo Fisher Scientific, T1028). The assay was performed in duplicate two or three independent times, and fold change in IC 50 of each mutant relative to BG505.T332N wild-type pseudovirus was calculated independently for each experiment and then averaged across all replicates. (Bloom, 2015) . The calculation of the fraction surviving statistic has been described previously (Doud et al., 2018) and is documented in detail at https://jbloomlab.github.io/dms_tools2/fracsurvive.html. Sequencing of wild-type proviral DNA plasmid was used as the error control during the calculation of the fraction surviving. We took the median values across all experimental replicates for each antibody and plotted the excess fraction-surviving data on logoplots rendered by dms_tools2 using weblogo (Crooks et al., 2004) and ggseqlogo (Wagih, 2017) .
Identification of Significant Sites of Viral Escape
Because the signal to noise ratio appeared to differ between antibodies, we defined statistically significant sites of viral escape beyond background individually for each antibody. For each antibody, we fit a gamma distribution to binned site fraction-surviving values (median values across all replicates) using robust regression (soft L1 loss as implemented in scipy). We then identified sites that fell outside the range of values expected from this distribution at a false discovery rate of 0.01 ( Figure S2 ). For the purposes of Figures 2B and 2C , multiple sites that disrupted a PNG that the antibody contacted was considered a single site of escape. However, when the antibody also contacted the second or third protein residues in the PNG and that site was site of significant escape, the site treated as additional site of escape.
DATA AND SOFTWARE AVAILABILITY
Open-source software to analyze mutational antigenic profiling datasets is available at https://jbloomlab.github.io/dms_tools2/. The computational analysis is provided as an executable and HTML Jupyter notebook (Data S3) and at https://github.com/jbloomlab/ EnvsAntigenicAtlas, and the fraction-surviving and excess fraction-surviving values for each antibody are provided as Data S4. Illumina deep sequencing reads are available from the NCBI SRA as study SRP157948, BioProject PRJNA486029, accession numbers SRR: 7693968-SRR: 7694021, SRR: 7758666, and SRR: 8168127-SRR: 8168140.
